




Abstract— Hypoxic ischemic encephalopathy (HIE) is a 
severe consequence of cardiac arrest (CA) representing a 
substantial diagnostic challenge. We have recently designed a 
novel method for the assessment of HIE after CA. The method 
is based on estimating the severity of the brain injury by 
analyzing changes in the electroencephalogram (EEG) slow 
wave activity while the patient is exposed to an anesthetic drug 
propofol in a controlled manner. In this paper, Hilbert-Huang 
Transform (HHT) was used to analyze EEG slow wave activity 
during anesthesia in ten post-CA patients. The recordings were 
made in the intensive care unit 36-48 hours after the CA in an 
experiment, during which the propofol infusion rate was 
incrementally decreased to determine the drug-induced 
changes in the EEG at different anesthetic levels. HHT was 
shown to successfully capture the changes in the slow wave 
activity to the behavior of intrinsic mode functions (IMFs). 
While, in patients with good neurological outcome defined after 
a six-month control period, propofol induced a significant 
increase in the amplitude of IMFs representing the slow wave 
activity, the patients with poor neurological outcome were 
unable to produce such a response. Consequently, the proposed 
method offer substantial prognostic potential by providing a 
novel approach for early estimation of HIE after CA. 
I. INTRODUCTION 
ARDIAC arrest (CA) is a condition in which the 
circulation of blood is ceased due to the failure of the 
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heart to contract effectively. Approximately 360,000 out-of-
hospital CAs occur in the USA alone each year [1]. While 
half of the patients admitted to hospital and intensive care 
unit (ICU) survive [2], a major part of the survivors suffer 
from permanent brain damage called hypoxic ischemic 
encephalopathy (HIE) due to global cerebral ischemia during 
the CA [3]. Consequently, neurological complications 
represent a substantial source of costs and loss of quality of 
life being the leading cause of disability after CA. 
Incorporating the brain in any cardiopulmonary resuscitation 
and follow-up treatment strategies has thus been demanded 
in the recent guidelines of American Heart Association [4]. 
 At the moment, there is no reliable technological solution 
for early estimation of HIE after CA. For example, regular 
imaging modalities such as computed tomography or 
magnetic resonance imaging do not reliably estimate the 
diffuse brain injury resulting from hypoxia. 
Electrophysiological measurements as well as specific serum 
proteins in addition to clinical examination provide today’s 
golden standard for the assessment of HIE, giving, however, 
only a rough estimate of the damage [5],[6]. The lack of 
reliable estimation of HIE complicates the clinical decision 
making as well as the development of new treatments of this 
condition. 
 We have recently designed a novel method for the 
assessment of HIE after CA. The method is based on 
estimating the severity of the injury by analyzing changes in 
the electroencephalogram (EEG) while the patient is 
exposed to an anesthetic drug propofol in a controlled 
manner. According to our recent findings [7], hypoxic brain 
injury fundamentally disturbs the neural system responsible 
for the generation of slow waves, the most important EEG 
signatures of non-rapid eye movement sleep [8] also seen 
during general anesthesia [9]. By measuring the EEG 
response to propofol, this disturbance can be revealed and 
used as a prognostic tool for irreversible brain injury. 
 In this paper, Hilbert-Huang Transform (HHT) [10], an 
adaptive data-driven method designed for the analysis of 
non-stationary signals, is used to assess EEG slow wave (< 1 
Hz) activity during anesthesia in post-CA patients. We have 
previously shown the method to be able to extract stable 
signal components representing slow wave activity from 
EEGs of neurologically healthy patients during propofol 
anesthesia [11]. Here we investigate whether these signal 
components can be extracted from the data collected in the 
ICU during controlled propofol exposure and utilized in the 
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estimation of the severity of HIE. The paper is organized so 
that Section II describes the data collection procedure and 
the EEG analysis. The results are given in Section III. In 
Section IV, the conclusions of the study are presented. 
II. MATERIALS AND METHODS 
A. Experimental Protocol 
The study was approved by The Regional Ethics 
Committee of the Northern Ostrobothnia Hospital District. 
Ten comatose patients resuscitated from out-of-hospital CA 
participated in the study. Patients with earlier disease 
affecting the central nervous system were excluded. The 
patients had received hypothermia treatment as a 
neuroprotective measure before the experiment, which was 
carried out 36–48 h after the CA while the patients were still 
sedated with propofol. 
 In the experiment, EEG was recorded with 19-channel 
electrode cap according to the 10/20 international system 
using Nicolet nEEG Modular Neurodiagnostic System with 
a v32 Amplifier. A sampling frequency of 500 Hz and 
bandwidth of 0.053 – 125 Hz was used and the signals were 
referenced to common average. During the experiment, the 
propofol infusion rate was incrementally decreased 
 
Fig. 1. The propofol infusion rate, blood concentration and EEG during the experimental protocol. Above, the propofol infusion rate (black line) and 
blood concentration (green line) is given in relation to the EEG (blue data) during the entire experimental protocol for one patient with good outcome. 
The infusion rate was decreased step-wise every 30 min and the propofol concentration was determined on every step just before the next decrease as 
well as in the end of the experiment (green circles). Below, short EEG signal samples and the corresponding IMFs (3-11) at four different phases (A-D) 






Fig. 2. Instantaneous amplitude (higher row) and frequency (lower row) 
of intrinsic mode functions (IMFs) 5, 7, 9, and 11 for one patient with 
good outcome. The IMFs are extracted from the EEG recorded during 
the entire experiment. As in Fig. 1, time point zero represents the first 
decrease in the propofol infusion rate. 
 
Fig. 3. The mean instantaneous frequencies of different intrinsic mode 
functions (IMFs) calculated for the 30-s signal samples. The values are 
given in logarithmic scale and each box shows the median, range, and 
25th and 75th percentiles. 
following a predefined protocol (Fig. 1) to determine the 
drug-induced changes in the EEG at different anesthetic 
levels. The decrease was started from the highest acceptable 





and continued step-wise every 30 min until the drug 
administration was finally switched off. Same infusion rates 




) were used for all 
patients. To determine the propofol concentration, a blood 
sample was taken before each change in the infusion rate as 
well as in the end of the experiment, i.e. 30 min after turning 
propofol off (Fig. 1). The severity of the HIE hypoxic-
ischemic brain injury was determined by evaluating the 
neurological recovery of the patient six months after the CA 
using the Cerebral Performance Category (CPC). Based on 
this, the patients were assigned to either good (CPC 1–2) or 
poor (CPC 3–5) outcome group. 
B. EEG Analysis 
The signal processing was carried out with Matlab 
technical computing language, version 2011b (The 
MathWorks, Inc., Natick, MA). In the study, only the data 
from channel Fp1 were used. This frontal channel was 
selected as our earlier study showed pronounced EEG 
responses to the anesthetic in the prefrontal area [7]. For the 
EEG analysis, 5-min signal samples were picked just before 
each decrease of the drug infusion rate and in the end of the 
experiment corresponding to the collection of the drug 
concentration blood samples. From each 5-min signal 
sample a 30-s representative artifact-free sequence was 
selected for further analysis. The signals were then filtered 
using a low-pass FIR filter with a cutoff frequency of 48 Hz 
to reduce high-frequency noise. 
To investigate the dynamical changes in the signal 
characteristics, HHT was applied to the EEG data. First, the 
method was applied to the entire EEG recording of one 
patient to illustrate the signal changes as a function of time. 
Then, the method was applied to the 30-s signal sequences 
representing different propofol infusion rates to examine the 
differences between the good and poor outcome groups in 
the whole dataset. The HHT algorithm contains two 
principal parts:  
1. Empirical Mode Decomposition (EMD) 
2. Hilbert Spectral Analysis (HSA) 
In EMD, the signal is iteratively decomposed into 
components called intrinsic mode functions (IMFs) each 
component containing lower frequency oscillations than the 
preceding one. In HSA, Hilbert transform is used to compute 
the instantaneous frequency and amplitude of different 
IMFs. A more detailed description of the HHT applied is 
given in [11]. 
III. RESULTS 
In Fig. 1, the propofol infusion rates, blood concentrations 
and EEG during the entire experimental protocol are 
presented for one patient with good outcome. In addition, 
short EEG signal samples and the corresponding IMFs at 
four different phases of the experiment are presented. 
Lowering the infusion rate decreased the amount of drug in 
the blood which consequently is seen in the EEG as a 
reduced anesthetic effect. In signal characteristics, this 
means a shift of power from lower frequencies (IMFs 8-11) 
to higher frequencies (IMFs 3-7). When applied to this entire 
EEG recording, EMD extracted a total of 23 IMFs. Fig. 2 
presents the instantaneous frequencies and amplitudes of 
IMFs 5, 7, 9, and 11 calculated for the same recording. The 






Fig. 4. The effect of propofol on the amplitude of intrinsic mode 
function (IMF) 5 in patients with good and poor neurological outcome. 
The amplitudes are given at different propofol infusion rates for 
patients with good (N = 6) and poor (N = 4) neurological outcome. The 
values represent mean instantaneous amplitudes calculated for the 30-s 
signal samples given relative to the individual value at propofol 
infusion rate 0 mg  kg–1  h–1. Data are means; error bars show SD. 
Asterisks indicate statistically significant difference between groups 
(*p < 0.05, unpaired two-sample t-test). 
is clearly seen in the behavior of IMFs of which 5 and 7 
substantially increase their amplitude whereas the amplitude 
of IMF 11, representing slow wave activity, is halved. 
The mean instantaneous frequencies of different IMFs 
calculated for the 30-s signal samples at different anesthetic 
levels are given in Fig. 3. For these shorter signal sequences, 
9-12 IMFs were extracted by EMD depending on the 
sample. As shown in the figure, the slow wave activity was 
captured mostly by IMF 5. Fig. 4 presents the effect of 
propofol on the amplitude of IMF 5 in patients with good 
and poor neurological outcome. In the patients with good 
neurological outcome (N = 6), the amplitude of IMF 5 
representing the slow wave activity was found to be strongly 
affected by propofol being substantially larger at high 
infusion rates. On the contrary, the patients with poor 
neurological outcome (N = 4) were unable to generate 
propofol-induced slow waves measured by the amplitude of 
IMF 5. Consequently, propofol-induced change in the 
amplitude of IMF 5 was statistically significantly different 







As a conclusion, HHT was used to analyze EEG slow 
wave activity during anesthesia in ten post-CA patients. The 
recordings were made in the intensive care unit 36-48 hours 
after the CA in an experiment, during which the propofol 
infusion rate was incrementally decreased to determine the 
drug-induced changes in the EEG at different anesthetic 
levels. HHT was shown to successfully capture the changes 
in the slow wave activity to the behavior of IMFs. While, in 
patients with good neurological outcome defined after a six-
month control period, propofol induced a significant 
increase in the amplitude of IMFs representing the slow 
wave activity, the patients with poor neurological outcome 
were unable to produce such a response. Consequently, the 
proposed method offer substantial prognostic potential by 
providing a novel approach for early estimation of HIE after 
CA. 
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